INTRODUCTION
Global climate change such as glacial-interglacial cycling, which has repeated with an interval of about 100 kyr, affects long-term hydrological processes and groundwater systems (Green et al., 2011) . An interglacial to glacial sea-level decline (i.e., ~120 m below the modern level at the Last Glacial Maximum (LGM); Fairbanks, 1989) leads to seaward shifts of shorelines and the discharge areas of regional groundwater flow, which potentially affect groundwater flow regimes in coastal areas.
Evaluation of the impact of such a long-term phenomenon is increasingly important for the safety assessment of a deep geological repository for radioactive wastes. In order to evaluate long-term groundwater flow, environmental radionuclides, especially chlorine-36 ( 36 Cl; halflife 301 kyr) is very useful for dating old saline groundwaters (Fontes et al., 1984) , as employed in several coastal radioactive waste repository sites and related studies (e.g., Gascoyne, 2014) . Previous studies conducted (Geological Survey of Japan, AIST, 2012 AIST (2012) , National Institute of Advanced Industrial Science and Technology (2009) , Higashimoto et al. (1985 Higashimoto et al. ( , 1986 , Takahashi et al. (1989) , Takahashi (1991) , Matsuura et al. (1999) , and Takagi and Mizuno (1999) . The numbers adjacent to the points correspond to the sample numbers in Table 1 .
. (a) Location of the Hiroshima area in the Seto Inland Sea area shown with the representative land area during the LGM (sea level -120 m). (b) Sampling locations of deep groundwater, shallow groundwater and spring water in the Hiroshima area, shown on a geological map
In this study, we used chemical and isotopic methods including 36 Cl dating to estimate the origin and age of saline waters in a coastal crystalline rock area (the Hiroshima granite area) in southwestern Japan. The study area is characterized by a small vertical displacement during the Quaternary period (Research Group for Quaternary Tectonic Map, 1973) and relatively small changes in precipitation since the LGM (annual precipitation during the LGM was roughly 70% of the current value; Tsukada, 1983; Matsusue et al., 2000) , therefore, global sea-level change rather than local changes, is thought to control the long-term groundwater flow. Here we investigate how the groundwater flow system in a mid-latitude coastal granite area has responded to past transgression and regression, and explore important factors contributing to the long-term hydrogeological processes.
MATERIALS AND METHODS

Study area
Our study area is located in Hiroshima and surrounding areas, part of the Seto Inland Sea area, southwestern Japan (Fig. 1) . The geological setting of the Hiroshima area is mainly characterized by widely-distributed Cretaceous granitic rocks (Hiroshima Granites), overlain by thin Quaternary sediments mainly in lowland areas (Takahashi, 1991) . As indicated in Fig. 1b , NNE-SSW to NE-SW trending faults are extensively found in the study area (Higashimoto et al., 1986; Takahashi, 1991) . Figure  1a shows a representative land area during the LGM (ca. 20 ka; Yokoyama and Esat, 2011) in the Seto Inland Sea area (sea level -120 m; c.f., Oba and Irino, 2012) . At that time, all of the present Seto Inland Sea was forming a large-scale land area, and shorelines were located to the south of the present Shikoku Island (Kuwashiro, 1959; Ota et al., 2004 ). During the subsequent sea level rise, the inundation of the present Hiroshima Bay started at ca. 13 ka when the sea level exceeded 50 m below its present level, and the present Seto Inland Sea was formed at ca. 7 ka (Yashima, 1994) .
Sampling and analyses
Groundwater samples were obtained in 2009, 2010, 2015 and 2016 from deep boreholes (Fig. 1b) . To focus on seawater-derived deep groundwaters, the sampling locations were selected from within about 10 km from the nearest coast (Table 1 ). The depths of the boreholes are mostly in the range of 100-2,000 m from the ground surface (Table 1) . Additionally, shallow groundwaters (<100 m) and springs were sampled to constrain the end member of present meteoric groundwater ( Fig. 1b Conard et al. (1986) , and analyzed for 36 Cl/Cl ratios by accelerator mass spectrometry (AMS) at the Australian National University, Australia (Fifield et al., 2010) . The sensitivity of the AMS system for 36 Cl was on the order of 10 -16 (Fifield et al., 2010) , and the typical background was ~0.2-0.6 ¥ 10 -15 (Fifield et al., 2013 (PerkinElmer Inc.) at the Geological Survey of Japan, after electrolytic enrichment with an electrolytic apparatus using a solid polymer electrolyte (SPE) film (Tripure XZ030, Permelec Electrode Ltd.); the detection limit was 0.5 TU.
Calculation of 36 Cl age for seawater component in groundwater
In seawater-derived groundwater, the primary source of 36 Cl is neutron capture by stable 35 Cl in the subsurface. The 36 Cl accumulates with time, and the rates of production and radioactive decay in pore water in the aquifer matrix reach a state of equilibrium after approximately 5-6 half-lives (>1.5 Myr). Thus, the age of the seawater component can be obtained in the following manner.
Assuming simple binary mixing of seawater and fresh groundwater, the fraction of seawater in groundwater f sw is defined using the Cl -concentration (e.g., Appelo and Postma, 2005) : 
where R meas is the measured 36 Cl/Cl ratio of groundwater, and R fw is the 36 Cl/Cl ratio of freshwater component. Based on a conventional mass balance equation for 36 Cl in the subsurface (e.g., Phillips et al., 1986) , the age of the seawater component t sw is written as:
where l is the decay constant of 36 Cl (2.30 ¥ 10 -6 yr -1 ), R e is the 36 Cl/Cl ratio at secular equilibrium, and R i,sw is the 36 Cl/Cl ratio of initial seawater. Fig. 1b ). In the following discussion, we focus mainly on the deep groundwaters with Cl ->190 mg/L (1% of the seawater concentration), hereafter referred to as "saline/brackish" waters (see Table 2 ). Saline/brackish groundwaters are located along the coast and in relatively inland areas including the Hiroshima Plain (Fig. 1b) . The Br -/Cl -weight ratios for most of the saline/brackish waters (Table 2) are close to the seawater value (~0.0035), suggesting that their primary origin is seawater. A lower value (0.0022) for a relatively diluted brackish water sample (Cl -= 251 mg/ L; No. 14) can be the result of a mixing of a large fraction of meteoric groundwater. Compositions of hydrogen and oxygen stable isotopes are shown in Fig. 2 . Shallow groundwater, spring water, and deep fresh groundwater samples are plotted close to a local meteoric water line for areas including the Seto Inland Sea area (d = 15; Mizota and Kusakabe, 1994) . Deep saline/brackish groundwaters lie on a mixing line between meteoric water and seawater, again suggesting a seawater origin for these groundwaters. Figure 3 shows the relationship between Cl -and 3 H concentrations in groundwaters. Basically, 3 H was detected for groundwaters shallower than 200 m below the surface and for springs (Nos. 5, 9, 12, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) ; Tables 1 and 2), indicating that 3 H is derived not from seawater component but from meteoric water (freshwater) component. Although most of the deeper saline/brack- Health, 2000 Health, , 2001 ) is suspected for these samples, because leakage of shallow waters can occur through such as joints or damaged parts in the borehole casing. As these samples likely do not reflect the groundwaters at the screen depths, they are excluded in the following discussion.
RESULTS AND DISCUSSION
Chemical and isotopic compositions of saline waters, and their origin
Cl ages of seawater component in groundwater
In the 1/Cl --36 Cl/Cl diagram (Fig. 4) , most of the saline/brackish groundwater samples show very low 36 Cl/ Cl ratio (~1 ¥ 10 -15 or less; Table 2 ) almost identical to the present seawater value ((0.71 ± 0.08) ¥ 10 -15 ; Fifield et al., 2013) , which is also close to the typical detection limit of AMS. The slightly elevated 36 Cl/Cl ratio ((3.5 ± 0.6) ¥ 10 -15 ) of the diluted brackish water sample (No. 14; Cl -= 251 mg/L) can be explained by the mixing of meteoric groundwater, as plotted on the mixing line between seawater and meteoric water (Fig. 4) . This is supported by its 3 H concentration similar to present meteoric water (1.67 ± 0.04 TU; Fig. 3 ; Table 2 ).
To correct for the mixing of present meteoric water, the 36 Cl/Cl ratios of seawater component (R sw ) for the saline/brackish groundwaters were calculated according to Eqs. (1) and (2). The 36 Cl/Cl ratio of freshwater component (R fw ) in Eq. (2) was assumed to be (100 ± 60) ¥ 10 -15 (Cl -= 5 mg/L) based on average values for shallow groundwater and spring water samples ( 36 Cl/Cl = (89 ± 46) ¥ 10 -15 ; Cl -= 4.8 ± 1.2 mg/L) ( Fig. 4 ; Table 2 ). The ages of the seawater component can be calculated using Eq. (3). The secular equilibrium 36 Cl/Cl ratio (R e ) in Eq. (3) was calculated to be 26-38 ¥ 10 -15 using the wholerock chemical composition of the Hiroshima Granites (Morikawa and Tosaki, 2013 ; n = 5) based on the procedure of Andrews et al. (1989) . In the calculation, we used a rock density of 2.65 g/cm 3 and a porosity of 1% based on average values from Okuma and Kanaya (2011) for the study area (density: 2.65 ± 0.06 g/cm 3 ; porosity: 1.06 ± 0.57%), and assumed a situation that the pores were filled with diluted seawater (Cl -= 10,000 mg/L). The calculated 36 Cl/Cl ratios of the seawater component, and the range and average values of 36 Cl age are presented in Table 2 . Considering the typical analytical background (~0.2-0.6 ¥ 10 -15 ; Fifield et al., 2013) , the 36 Cl/Cl ratios of the seawater component are almost indistinguishable from that of present seawater (Fig. 4) , and the 36 Cl ages of all the saline/brackish waters are not more than ~40 ka (less than 20 ka for the average ages; Table 2 ).
Fig. 2. Stable isotopic compositions of hydrogen and oxygen in groundwater samples from the Hiroshima area. Solid line represents a local meteoric water line for the areas including the Seto Inland Sea area (d = 15; Mizota and Kusakabe, 1994). The numbers adjacent to the points correspond to the sample numbers in
Sources and processes responsible for the saline/brackish groundwaters
In coastal areas, marine transgression and regression have repeatedly occurred due to 100-kyr sea-level cycles (e.g., Lambeck et al., 2002) . During a Holocene transgression period, seawater was introduced into the coastal deep groundwater in several areas (e.g., Laaksoharju et al., 1999; Post et al., 2003) . Before exploring the role of past transgressions in the distribution of the saline/brackish waters in the study area, we address the relevance of human activity as a contributing factor for the salinity in the deep groundwater.
Groundwater has been extensively used for domestic and industrial uses in the study area (e.g., Hiroshima Plain), whereas the pumping depths are mostly limited within the Quaternary aquifer (<50 m; Research Group on Agricultural Groundwater Uses, 1986). Similar to other coastal regions in Japan (Murashita, 1982) , seawater intrusion (into the shallow Quaternary aquifer) occurred in the coastal areas of Hiroshima Bay at least during the 1950s-1970s (Kurata and Takahashi, 1959; Homma et al., 1960; Editorial Committee for Groundwater Catalogue, 1988) . In contrast, the sampling depths of the saline/brackish waters (100-1,800 m; Table 1 ) are sufficiently below the Quaternary aquifer but within granites; accordingly, the pumping of the shallow groundwater would have a negligible influence on the deep saline/brackish groundwater. In addition, deep groundwaters in the coastal areas of Hiroshima Bay originally have high dissolved solute contents (i.e., high Cl -concentrations) (Nakamura and Nakatomi, 1988; Hiura et al., 1997; Toshihiro et al., 1997) , and any notable increase in Cl -concentration over time has not been recognized. Thus, the pumping from the deep boreholes themselves also would not have induced seawater intrusion; accordingly, we think that any effects of anthropogenic groundwater uses on the deep groundwater are negligible.
The 36 Cl/Cl ratios of seawater component and resulting 36 Cl ages are compared with those of major marine transgressions in Fig. 5 . Obviously, these 36 Cl ages cannot be related to older events such as the MIS (Marine Isotope Stage) 5e or 7 transgressions, which means that any older saline waters that are thought to have existed no longer remain and an incursion of seawater occurred during a younger event. During the LGM, all across the Seto Inland Sea was a vast land area and the shoreline was located far to the south at a location offshore from the present Shikoku Island (Fig. 1a) . This was certainly accompanied by a more than 100 km shift of the discharge area of regional groundwater flow to the south compared to the present, which resulted in a much larger regional groundwater flow system. As a consequence, the older saline waters that are thought to have formerly existed beneath the Hiroshima area had likely been flushed out by the large-scale groundwater flow toward the inferred discharge area. After the last interglacial period (MIS 5e; ca. 125 ka), the global sea level had declined to ~80 m below its present level at 40 ka (i.e., upper limit of the calculated 36 Cl ages) (e.g., Yokoyama and Esat, 2011) . Therefore, the observed saline/brackish groundwaters are considered to be derived from a seawater incursion after the LGM.
Such a "young" seawater component was found at up to ~6 km inland from the present coast (No. 6; Table 1 ; Fig. 1b) . In the Seto Inland Sea area, the maximum sea level during the mid-Holocene sea-level highstand (socalled Jomon transgression; e.g., Umitsu, 1991) was approximately 4 m higher than the present level (ca. 6 ka) (Ota et al., 2004) . As shown in Fig. 6a , the spatial distribution of the saline/brackish waters is fairly consistent with the estimated seawater inundated area during the Jomon transgression. Relatively inland saline/brackish waters (Nos. 6 and 14) are located in the vicinity of rivers with a bed elevation of about 4 m.a.s.l. Thus, the ob- served spatial distribution of the saline/brackish deep groundwaters can be related to the incursion of seawater during the Jomon transgression.
In Fig. 6b , the sampling depths of deep groundwaters are shown along the projection line A-B in Fig. 6a . The young saline/brackish waters are extensively distributed around Hiroshima Bay down to ~1,700 m below the present sea level. Such an incursion of seawater can occur either vertically or horizontally (Kooi et al., 2000) , whereas these processes are poorly understood for groundwater systems in a coastal fractured rock region (Werner et al., 2013) . Here, we consider two possible situations: (1) the present sea level, and (2) the maximum sea level during the Jomon transgression at ca. 6 ka (4 m higher than the present). For both cases, the distribution of the saline/brackish waters in the subsurface is shown as a function of the distance from coastlines (Figs. 7a and b) .
Under the present situation (Fig. 7a) , freshwaters and young saline/brackish waters show complex distribution patterns. Saline/brackish waters are distributed from the coast to inland (~6 km) at approximately 100-1,100 m and ~1,700 m below the present sea level, while freshwaters (Nos. 16, 17 and 20) are present between these saline/brackish water zones. The coastal to inland distribution of young saline/brackish waters for 100-1,100 m (Fig. 7a) can be explained by the combined effects of vertical seawater incursion and horizontal migration of salt water wedge during or after the Jomon transgression period. However, saline/brackish waters of similar young ages (Nos. 1 and 6) at ~1,700 m below the zone of freshwaters are not easily explained by the same process.
Another possible situation is the Jomon transgression period (Fig. 7b) . In this case, young saline/brackish waters are distributed at the seaward side from the coast of that time, while the landward side is dominated by freshwaters. The interface between the saline/brackish and fresh waters is rather sharp and located close to the coast (Fig. 7b) . Thus, a nearly vertical incursion of seawater during the Jomon transgression period likely better accounts for the distribution of young saline/brackish waters in the study area. Although the exact process cannot be identified, we can conclude that seawater clearly infiltrated and reached to a great depth (~1,700 m) in granites during or after the Jomon transgression.
Relevant factors for seawater incursion in crystalline rock areas
The maximum depth of Holocene seawater component observed in the Hiroshima area (~1,700 m) is much deeper than that for previous studies in Sweden (<1,000 m; e.g., Laaksoharju et al., 1999; Follin et al., 2008) . We consider that the following factors are of relevance for Higashimoto et al. (1985 Higashimoto et al. ( , 1986 , Takahashi et al. (1989) , Takahashi (1991) , Matsuura et al. (1999) , and Takagi and Mizuno (1999) 
. (b) Sampling depths of deep groundwaters around Hiroshima Bay projected onto the line A-B in (a).
Data were plotted using the screen depths, while the boreholes with unknown screen depth were plotted using the bottom depths. The numbers adjacent to the points in both (a) and (b) correspond to the sample numbers in Table 1 . Table 1. groundwater (freshwater) at the time of transgression is an important driver (e.g., Delsman et al., 2014) . In the case of Fennoscandia, the density-driven penetration of Holocene seawater (water of Litorina Sea; ca. 8-2 ka) is thought to have been limited to ~1,000 m by the extensive distribution of old brines with higher density (e.g., Laaksoharju et al., 1999) . In the Hiroshima area, the absence of any older saline waters that are thought to have existed in the groundwater system is an indirect evidence for the extensive presence of freshwater to a great depth (~1,700 m) at least at the end of the LGM. Thus, the occurrence of the density contrast could have enabled the deep incursion of seawater in the Hiroshima area.
In order for the density contrast to occur, the saline groundwaters derived from a former transgression must be flushed out during the regression period. It would require meteoric groundwater recharge, along with relatively high-permeable fractures. The Hiroshima area is bounded on the landward side by mountains, which is expected to have served as the recharge area also in the glacial period. In addition, faults and related valleys are extensively distributed in the Hiroshima area (Fig. 6a) . In the glacial period, a more than 100 km shift of the discharge area has resulted in a large regional groundwater flow system. These conditions during the glacial period should have enhanced meteoric flushing to a great depth of ~1,700 m. Therefore, the meteoric flushing during the glacial period is considered to be an important control on the incursion of seawater into crystalline rocks: (1) permeability of the pathway (fractures), (2) the density contrast between seawater and the groundwater (freshwater) at the time of transgression, and (3) meteoric flushing during the glacial period.
In areas composed of fractured crystalline rocks, the incursion of seawater could be accelerated by permeable fractures. Because the permeability of fractured rocks is significantly dependent on fracture properties (e.g., degree of connectivity and aperture opening) (Domenico and Schwartz, 1998) , its evaluation is preferably done with hydraulic conductivity values obtained from in-situ hydraulic tests. In-situ hydraulic conductivities of the Hiroshima Granites (fresh bedrock) have been reported to be 4 ¥ 10 -8 m/s (Momota et al., 1981 (Momota et al., , 1987 ) and 3.3 ¥ 10 -8 m/s (Otake, 2001) , which are one order of magnitude greater than those of the Äspö granitoids (~10 -9 m/s; Rhén et al., 1997; Hasegawa et al., 2004) . The higher permeability for the Hiroshima Granites would be supported by the fracture frequencies for an intact rock mass (i.e., without fault zones) (~2 fractures/m; Yoshida et al., 2013) , which are one order of magnitude higher than those of granitoids in Sweden (Yoshida, 2012) . Accordingly, the relatively high permeability of the Hiroshima Granites is considered to be a necessary factor for the deep incursion of seawater.
For the seawater incursion through fractures to take place, the density contrast between seawater and the the occurrence of the density contrast that causes a seawater incursion.
Finally, the long-term changes of the groundwater flow system in the Hiroshima granite area are summarized as follows. First of all, relatively high-permeable fractures are extensively distributed in the granites. In the glacial (regression) period, meteoric groundwater flow effectively flushed out older saline groundwaters, and the density contrast between seawater and the groundwater (freshwater) at the time of the subsequent transgression drove an incursion of seawater through fractures to a great depth (~1,700 m).
CONCLUSIONS
This study revealed the influence of sea-level changes on long-term groundwater flow in a coastal crystalline rock region. Based on the 36 Cl results, deep saline groundwaters in the Hiroshima area originate from relatively young (but not modern) seawater, because older saline waters were flushed out during the regression that occurred in the last global glacial period. An incursion of seawater occurred to a great depth (~1,700 m) during or after the subsequent Jomon transgression, based on the areal and cross-sectional distribution of the saline waters. Besides permeability of fractures, the density contrast between seawater and the groundwater (freshwater) at the time of transgression is of significance as a driver for seawater incursion in fractured crystalline rocks. We consider that the meteoric flushing during the regression period is an important control on the occurrence of the density contrast and, in turn, on the spatial extent of the seawater incursion.
